Multiple myeloma (MM) is a clonal B-cell malignancy characterized by an accumulation of plasma cells (PC) in the bone marrow (BM), leading to bone loss and BM failure. Osteolytic bone disease is a common manifestation observed in MM patients and represents the most severe cause of morbidity, leading to progressive skeletal damage and disabilities. Pathogenetic mechanisms of MM bone disease are closely linked to PCs and osteoclast (OCs) hyperactivity, coupled with defective osteoblasts (OBs) function that is unable to counteract bone resorption. The aim of the present study was to investigate the effects of Ixazomib, a third-generation proteasome inhibitor, on osteoclastogenesis and osteogenic differentiation. We found that Ixazomib was able to reduce differentiation of human monocytes into OCs and to inhibit the expression of OC markers when added to the OC medium. Concurrently, Ixazomib was able to stimulate osteogenic differentiation of human mesenchymal stromal cells (MSCs), increasing osteogenic markers, either alone or in combination with the osteogenic medium. Given the key role of Sonic Hedgehog (SHH) signaling in bone homeostasis, we further investigated Ixazomib-induced SHH pathway activation. This set of experiments showed that Ixazomib, but not Bortezomib, was able to bind the Smoothened (SMO) receptor leading to nuclear translocation of GLI1 in human MSCs. Moreover, we demonstrated that PCs act as GLI1 suppressors on MSCs, thus reducing the potential of MSCs to differentiate in OBs. In conclusion, our data demonstrated that Ixazomib regulates bone remodeling by decreasing osteoclastogenesis and prompting osteoblast differentiation via the canonical SHH signaling pathway activation, thus, representing a promising therapeutic option to improve the complex pathological condition of MM patients.
Introduction
Multiple myeloma (MM) is a clonal B-cell malignancy characterized by accumulation of clonal plasma cells (PCs) in the bone marrow (BM), leading to bone loss and BM failure [1, 2] . Pathogenetic mechanisms of MM bone loss are closely linked to MM PCs and osteoclasts (OCs) hyperactivity coupled with defective osteoblasts (OBs), which are unable to counteract bone resorption [3] . However, the molecular mechanisms underlying bone lesion in MM are still a matter of debate. Therefore, understanding the biological significance of this process would help in developing therapeutic strategies to control bone loss in MM patients. Recently, several inducers of bone lesion have been identified as targets for treating osteolytic complications, in addition to current treatments, including nitrogen-containing bisphosphonates and RANKL inhibitors [4] . Unfortunately, treatment with RANKL inhibitors can cause severe adverse effects, such as increased risk of infection, joint and muscle pain, uncontrolled serum calcium, osteonecrosis, and allergic reactions [5, 6] . Furthermore, previous studies suggest that malignant PCs might themselves alter the cellular composition of the bone [7] . Indeed, PCs promote an osteoclastogenic effect by both exerting bone destruction and, throughout the recruitment, causing differentiation and activation of OC progenitors within the BM. In this scenario, the identification of proteasome as an essential machinery by which tumor cells regulate primary cellular processes, led to the introduction of proteasome inhibitors (PIs) as a breakthrough treatment for MM, in the clinical practice [8, 9] . During osteoclastic differentiation, the binding of RANKL to RANK on the surface of osteoclast precursors activates NF-κB promoting osteoclast maturation and bone resorption [10] . Several authors demonstrated that bortezomib was able to inhibit NF-κB activation in osteoclasts, thus reducing osteoclastic differentiation and bone resorption [11] [12] [13] . To this regard, we have recently demonstrated that the proteasome inhibitor Bortezomib, commonly used to treat MM, inhibited osteoclastic differentiation by modulating the chitinase family genes [14] . We also observed that Bortezomib was able to inhibit osteoclast differentiation, thus, supporting the indication of Bortezomib in osteolytic MM [14] . Moreover, the increased bone resorption in MM patients is caused by impaired osteoblast differentiation. Several evidences suggest that MM cells interrupt several important signaling pathways such as the RANKL/OPG axis, which plays a key role in bone remodeling [15] . In such a context, PIs are able to significantly reduce RANKL expression levels, even if OPG were found to be not modulated by PIs treatment. Such a phenomenon induces a significant reduction of the RANKL/OPG ratio, thus, inhibiting MM bone disease [15] .
Recently Ixazomib, an orally administrable third-generation PI, has been approved in the US and Europe, which has increased the therapeutic options for treating MM patients [16] . Previously reported evidences highlighted the molecular mechanisms underlying the activity of proteasome inhibitors as suppressors of osteoclastogenesis, thus, further supporting the therapeutic application of such agents in osteolytic MM [17, 18] . Given the clinical importance of combined therapeutic approaches to reduce bone resorption in MM, we sought to investigate the role of PIs as concomitant suppressors of osteoclastogenesis and promoters of osteoblastogenesis. In this context, a crucial role in osteoblastogenesis is played by sonic hedgehog (SHH) signaling pathway [19] . SHH is a highly conserved pathway involved in patterning and morphogenesis of many organs in vertebrates [19] regulating OB differentiation and morphological transition [20] [21] [22] . SHH signaling is based on a 12-transmembrane protein SHH receptor Patched1 (PTCH1) that represses the 7-transmembrane protein Smoothened (SMO); following binding to its ligand SHH, PTCH1 is internalized and the SMO repression is alleviated, thus, inducing a complex and potent activation of the GLI-Kruppel family members (GLI1, GLI2, and GLI3) acting as transcription activators/repressors [23] [24] [25] . In particular, such cellular cascade is known as canonical SHH signaling pathway. Vice versa, non-canonical SHH signaling pathway does not rely on GLI-induced transcription modulation [26] .
This study aimed at investigating the role of Ixazomib in modulating osteogenesis-related genes throughout SHH signaling pathway activation in the precursors of OCs and OBs, thus, further expanding the knowledge of the therapeutic effects of currently used compounds, as a treatment for MM patients with osteolytic complications.
Results

Ixazomib Inhibits Osteoclastogenesis in Human Monocytes (MCs) Cultures under OC Differentiation Protocol
In order to evaluate a potential effect of Ixazomib as inhibitor of osteoclastogenesis, we analyzed in vitro, the effects of Ixazomib in human monocyte (MCs) cultures, using a conventional osteoclastogenic differentiation protocol [10] . We first assessed the mRNA levels of osteoclastogenic differentiation markers, analyzing the TNF receptor superfamily member 11a (RANK), which is an essential mediator for osteoclast, and we found a strong upregulation in the OC medium exposed cultures (5.32 ± 0.1, mean ± SEM, p-value < 0.001 vs. control, Figure 1A ). This increase was not observed in MCs treated with Ixazomib alone (1.31 ± 0.1, mean ± SEM, p-value = 0.14, Figure 1A ), but Ixazomib was able to revert RANK increase in MCs exposed to the OC medium (2.38 ± 0.4, mean ± SEM, p-value = 0.286 vs. control, p-value = 0.003 vs. OC medium, Figure 1A ). Similar effects were observed while analyzing the lysosomal cysteine proteinase involved in bone remodeling and resorption cathepsin K (CTSK), and in the matrix metallopeptidase 9 (MMP9) mRNA. Indeed, MCs showed a significant increase of CTSK (4.40 ± 0.4, mean ± SEM, p-value < 0.001 vs. control, Figure 1B ) and MMP9 (5.66 ± 0.8, mean ± SEM, p-value < 0.001 vs. control, Figure 1C ) in the OC medium. Conversely, Ixazomib treatment under differentiating conditions was able to significantly reduce CTSK levels (2.34 ± 0.4, mean ± SEM, p-value = 0.002 vs. OC medium, Figure 1B ) and MMP9 levels (3.26 ± 0.5, mean ± SEM, p-value = 0.019 vs. OC medium, Figure 1C ), as compared to the OC-medium-exposed MCs. We finally analyzed the level of the chitinase 3 like 1 (CHI3L1), which plays a crucial role in inflammation, tissue remodeling and in OC differentiation process. Consistently, we observed that the OC medium significantly increased the level of CHI3L1 (2.41 ± 0.2, mean ± SEM, p-value < 0.001 vs. control, Figure 1D ), whereas Ixazomib alone was not able to induce upregulation of these markers in MCs, compared to the control cultures (2.34 ± 0.4, mean ± SEM, p-value = 0.9503 vs. control, Figure 1D ). Interestingly, Ixazomib treatment in the OC medium condition inhibits the induction of the CHI3L1 gene expression (2.34 ± 0.4, mean ± SEM, p-value = 9503 vs. OC medium, p-value < 0.001 vs. OC medium Figure 1D ). We further assessed the morphological pattern of MCs exposed to OC medium ( Figure 1E ), finding a characteristic morphological change at 21 days post differentiation induction ( Figure 1E ). Human MCs cells were differentiated into bona fide osteoclasts exhibiting significantly increased cell size and polynucleated cell bodies ( Figure 1E ). As expected, Ixazomib treated MCs under standard culture conditions did not show any detectable osteoclast-like structure ( Figure 1E ). Ixazomib in the cotreatment with OC differentiation medium was able to fully revert the osteoclastogenesis process, with undetectable polynucleated cells and osteoclast-like cells ( Figure 1E ). Finally, we analyzed the chitinase 1 (CHIT1) enzymatic activity, observing a significant reduction in the Ixazomib-treated OC-medium-exposed cultures ( Figure 1F ). and CHI3L1 (D) in MC cultures exposed to the OC medium, MCs treated with Ixazomib, and MCs exposed to the OC medium and treated with Ixazomib. Representative pictures of control MCs, MCs exposed to OC medium, MCs treated with Ixazomib and MCs exposed to the OC medium treated with Ixazomib (1 nM). DAPI (blue); PHALLOIDIN (green); scale bar: 50 µm (E). CHIT1 enzymatic activity in MC cultures exposed to the OC medium, MCs treated with Ixazomib, and MCs exposed to the OC medium and treated with Ixazomib (F). OC medium-osteoclastogenic medium. * p-value < 0.05, ** p-value < 0.01 and *** p-value < 0.001 vs. control or between groups.
Ixazomib Stimulates Osteoblastogenic Differentiation of Human Mesenchymal Stem Cells (MSCs)
Given the role of Ixazomib as a robust suppressor of osteoclastogenesis on MCs, we sought to analyze the potential role of Ixazomib as a modulator of osteoblastogenesis on MSCs. To do so, we used the HS-5 (mesenchymal stroma cells, MSCs) cell line [27, 28] and cultures were subjected to a 21 days differentiation protocol with the osteoblastogenic (OB) medium and the key markers of OBs were analyzed. Ixazomib treated control cultures and OB-medium-exposed cultures treated with Ixazomib were also included in the analysis. As expected, the MSC-cultures-exposed OB medium showed significantly increased mRNA levels of Bone morphogenetic protein 2 (BMP2) vs. the control MSCs (3.43 ± 0.2, mean ± SEM, p-value = 0.017 vs. control, Figure 2A ). Notably, the Ixazomib treatment alone was able to significantly increase BMP2 mRNA levels in standard MSC culture conditions (3.66 ± 0.3, mean ± SEM, p-value = 0.013 vs. control, Figure 2A ). Importantly, Ixazomib exerts a synergistic effect when delivered in cotreatment with the OB medium (p-value < 0.001 vs. OB medium and p-value < 0.001 vs. Ixazomib alone), increasing the levels of BMP2 mRNA of about 11 folds, as compared to the control cultures (10.87 ± 0.9, mean ± SEM, p-value < 0.001 vs. control, Figure 2A ).
We then analyzed the mRNA levels of two additional genes, the RUNX family transcription factor 2 (RUNX2), which is an essential OBs regulatory factor, and the secreted protein acidic and cysteine rich (SPARC), which encodes for a matrix-associated protein required for bone calcification. and SPARC (C) in MSC cultures exposed to the OB medium, MSCs treated with Ixazomib, and MSCs exposed to the OB medium and treated with Ixazomib. (D) Representative pictures of Alizarin red staining in control MSCs, MSCs exposed to the OB medium, MSCs treated with Ixazomib, and MSCs exposed to the OB medium treated with Ixazomib. Scale bar: 50 µm. OB medium-osteoblastogenic medium. * p-value < 0.05, ** p-value < 0.01 and *** p-value < 0.001 vs. control or between groups.
Both these markers were upregulated in the OB medium exposed MSC cultures (RUNX2: 7.19 ± 0.6, mean ± SEM, p-value < 0.001 vs. control; SPARC: 3.86 ± 0.4, mean ± SEM, p-value = 0.003 vs. control, Figure 2B ,C). Notably, Ixazomib exposition for 21 days was sufficient to significantly increase both RUNX2 (3.37 ± 0.3, mean ± SEM, p-value = 0.012 vs. control, Figure 2B ) and SPARC (8.21 ± 0.6, mean ± SEM, p-value < 0.001 vs. control, Figure 2C ) mRNA levels. RUNX2 and SPARC were also found to be significantly upregulated in MSCs under the osteoblastogenic differentiation condition cotreated with Ixazomib (RUNX2: 11.41 ± 0.9, mean ± SEM, p-value < 0.001 vs. control; SPARC: 6.92 ± 0.7, mean ± SEM, p-value < 0.001 vs. control, Figure 2B ,C).
We finally analyzed the potential of Ixazomib alone and in cotreatment with the OB medium to induce calcium deposits in MSC cultures. As shown in Figure 2D , a strong Alizarin red staining was detected in the OB-medium-exposed MSCs at 21 days of cultures. Of note, MSC cultures treated with Ixazomib or exposed to the osteoblastogenic differentiation protocol and cotreated with Ixazomib showed a clear accumulation of calcium deposits ( Figure 2D ).
Ixazomib, but Not Bortezomib, Binds Smoothened (SMO) Receptor in Human Mesenchymal Stem Cells (MSCs)
Several evidences pinpointed a crucial role of SHH signaling in controlling cell fate, proliferation, and stem cells differentiation [29] [30] [31] [32] . As such, we moved to study a potential mechanistic relation between Ixazomib-induced osteoblastogenesis stimulation and SHH signaling. Therefore, we compared the ability of Ixazomib and Bortezomib to bind and to stabilize SMO, the effector of the SHH intracellular signaling. Cellular thermal shift assay (CETSA) confirmed that Ixazomib, but not Bortezomib, was able to stabilize the SMO protein ( Figure 3A,B) , thus, suggesting that Ixazomib might act as an SMO ligand. SMO (D) in MSC cultures exposed to the OB medium, MSCs treated with Ixazomib, and MSCs exposed to the OB medium and treated with Ixazomib. OB medium-osteoblastogenic medium. * p-value < 0.05, ** p-value < 0.01 and *** p-value < 0.001 vs. control or between groups.
These results were further confirmed by qRT-PCR analysis on PTCH1 and G protein-coupled receptor SMO mRNA levels. Besides confirming a significant role of the SHH signaling during osteoblastogenesis (PTCH1: 3.85 ± 0.4, mean FC ± SEM, p-value < 0.001 vs. control; SMO: 2.65 ± 0.3, mean FC ± SEM, p-value = 0.003 vs. control; Figure 3C ,D), we found that Ixazomib alone was able to significantly increase PTCH1 (4.87 ± 0.3, mean FC ± SEM, p-value < 0.001 vs. control, Figure 3C ) and SMO (7.70 ± 0.3, p-value < 0.001 vs. control, Figure 3D ) mRNA levels. Of note, the OB medium and Ixazomib, when in cotreatment, significantly increased the mRNA levels of both markers (PTCH1: 6.07 ± 0.3, mean FC ± SEM, p-value < 0.001 vs. control; SMO: 5.57 ± 0.5, mean FC ± SEM, p-value < 0.001 vs. control; Figure 3C ,D).
Ixazomib Activates the Canonical GLI1-Dependent Sonic Hedgehog Signaling Pathway in MSCs inducing Osteoblastogenic Differentiation
We then investigated the differentiation profile of MSCs upon exposition to osteoblastogenic differentiation and Ixazomib treatment. We first assessed the expression of BMP2 in MSCs via immunofluorescence, finding a strong BMP2 upregulation and the characteristic morphological changes of differentiated MSCs, as compared to the untreated control cultures (Figure 4 ). We confirmed that the Ixazomib treatment was sufficient to induce a differentiation towards an OB phenotype in human MSCs (Figure 4) . In order to assess the potential activation of the SHH pathway, we also analyzed the expression of the transcription factor GLI1, activated by canonical SMO-dependent SHH signaling. Representative pictures of BMP2 (green) and GLI1 (red) immunostaining in control MSCs, MSCs exposed to the OB medium, MSCs treated with Ixazomib and MSCs exposed to the OB medium treated with Ixazomib. Scale bar: 25 µm. OB medium-osteoblastogenic medium.
We found a robust nuclear translocation of GLI1 in differentiated human MSCs that were BMP2 positive (Figure 4) , thus, indicating that the SHH pathway plays a key role in modulating stem cell fate and in inducing an osteoblastogenic differentiation. Of note, GLI1 was found to be extranuclear in undifferentiated human MSCs and treatment with Ixazomib was able to induce a SMO-dependent nuclear translocation of GLI1 (Figure 4 ).
MSCs Activates GLI1-Dependent SHH Signaling in OPM2 Cells
Given the evidences on the key role of canonical SHH signaling in modulating the fate of MSCs and differentiation, we established an in vitro coculture system using human MSCs and multiple myeloma cells.
We first assessed the nuclear translocation of GLI1 in H929 and OPM2 pre-and post-culture in the same well as that of the MSCs. We found that human H929 cells showed an increased nuclear localization of GLI1 and that the coculture with MSCs did not significantly alter the GLI1 translocation ( Figure 5A,B) . Importantly, OPM2 cells displayed a relatively low GLI1 activation ( Figure 5C ) that was observed upon same-well coculture with MSCs ( Figure 5C,D) . Concomitantly, we analyzed GLI1 activation on MSCs in control and post-cocultures with PCs. We found that both H929 and OPM2 cells (i.e., CD138 positive cells) were able to suppress the SHH signaling pathway on MSCs (i.e., CD90 positive cells, Figure 6A,B) . These evidences support the hypothesis that myeloma cell lines reduce the SHH signaling pathway on MSCs, thus, inhibiting osteoblastogenic differentiation. 
Discussion
Osteolytic bone disease is a central hallmark of MM, which severely impacts quality of life in patients [33, 34] . PIs, such as Bortezomib, represent the cornerstones for combinatorial treatment of MM, and have shown significant effects in reducing bone resorption and promoting bone remodeling [9, 35] . Such an effect has been proposed to be linked to the activity on nuclear factor kB (NF-kB) pathway and downregulation of CHIT1, CHI3L1, and MMP9, which are involved in both osteoclastogenesis and OC functioning [14] . Particularly, Bortezomib induces the stabilization of NF-kB antagonist I-kB and AP-1 transcription factors c-Fos and c-Jun, resulting in a reduction of osteoclast differentiation. Moreover, CHI3L1 has been shown to be targeted by Bortezomib and, besides being proposed as a prognostic marker for osteolytic complication in MM patients, it is a crucial modulator of mature OCs activity [14] . Given the increased therapeutic potential of third-generation PIs, we focused our attention on Ixazomib-induced effects on osteoclastogenesis and osteoblastogenesis. In this work we showed that Ixazomib was able to modulate the osteogenic and osteoclastic differentiation in vitro. Our data were in line with previously reported evidences on Bortezomib. We found that Ixazomib was able to inhibit the osteoclastogenic differentiation markers, such as RANK, MMP9, CTSK, and CHI3L1. Moreover, we observed a lower enzymatic activity of CHIT1 in MCs exposed to the OC medium and treated with Ixazomib. Such an effect might be linked to the Ixazomib inhibition on NF-kB and to a lower level of extracellular CHIT1 protein [14] . Indeed, Ixazomib strongly inhibits the differentiation of OCs from monocytes, thus, suggesting that therapeutic efficacy induced by Ixazomib benefits from the modulation of osteolytic cell populations.
In order to evaluate the impact of Ixazomib on the potential osteogenic effects and the underlying molecular players involved in this scenario, we sought to modulate MSCs fate and differentiation upon osteogenic commitment. Interestingly, we found that Ixazomib treatment was able to activate key molecular regulators that pushed MSC differentiation, such as RUNX2, BMP2, and SPARC. Consistently, preclinical studies showed that clinically relevant concentrations of Ixazomib promote OB differentiation and inhibit OC formation in ex vivo experiments [36] . Furthermore, Yang et al., showed that Ixazomib was able to stimulate the parathyroid hormone (PTHR) inducing β-catenin signaling regulating the PTHR in OBs, which favors anabolic PTH action in bone [17, 37] . Indeed, Wnt/β-catenin signaling pathway has been demonstrated to be activated by Ixazomib via β-catenin signaling via the cAMP/PKA-dependent pathway [37] . Notably, such evidences have also been previously reported for bortezomib and carfilzomib in Saos2 cells [38, 39] . Our data suggest a potential mechanism in the modulation of bone remodeling mediated by Ixazomib treatment in vitro. Compelling evidences reported SHH signaling as crucial regulator of osteogenesis, at both, the embryonic stage and in adulthood, particularly to maintain bone mass [40] [41] [42] . Pharmacological and genetic modulation of PTCH1 has shown that disruption of SMO repression enhances osteoblastogenesis and osteoclastogenesis [40] . We tested the hypothesis that PIs might directly interact with the effector of SHH pathway SMO. Our evidences collectively demonstrate that Ixazomib, but not Bortezomib, was able to bind and activate SMO, leading to GLI1 nuclear translocation in MSCs and canonical SHH signaling pathway activation. This phenomenon was sufficient to induce a differentiation towards an OB phenotype, also in MSCs not exposed to differentiation media, and was synergistically effective when delivered in the MSCs under differentiation protocol. Interestingly, experimental evidences suggest that osteoblastogenesis activation was directly modulated by SMO activation and GLIs-induced signaling [41, 43] . In particular, it has been proposed that different levels of modulation on the SHH signaling might significantly affect differentiation of precursor cells, as a full ablation of the signal showed dominance of bone resorption over bone formation, while partial or pharmacological modulation of the SHH pathway showed the opposite effects [41] . Moreover, our data and previously reported evidences suggest that PIs act as repressors of OC differentiation, also by their activity on other crucial pathways involved in cell fate determination [14] . Recent findings demonstrated that inhibition of SHH signaling using cyclopamine, an SMO antagonist, reduces osteoblastogenesis, and that knocking down PTCH1, which suppresses SMO activity, was beneficial for OCs differentiation.
The large body of evidences suggesting a crucial role of the SHH signaling in oncogenesis of B-cell malignancies and the potential of Ixazomib to induce SHH signaling, prompted us to assess the PCs-MSCs crosstalk leading to a reduction of osteoblastogenesis in MM patients. As for concerns about a possible link between these observations and SHH signaling, we demonstrated that PCs acts as GLI1 suppressors on MSCs, thus, reducing the potential of MSCs to differentiate in OBs. To this regard, previous reports highlighted a positive SHH autocrine loop on PCs, increasing their potential to spontaneously overcome stress conditions and apoptosis also protecting PCs from therapeutic approaches [44] . The SHH-GLI1-BLC-2 axis was found to inhibit PCs apoptosis, thus, reducing this activation might lead to sensitization against therapy [45] . In this context, the relative number proportion of PCs compared to endogenous MSCs plays a major role. Indeed, it is known that PCs outnumber MSCs in the MM microenvironment, therefore, our experimental conditions were set up to recapitulate this phenomenon resembling different cell interactions. MSCs, as other precursor cells, produced high amount of SHH that is intended for both autocrine stimulation and to communicate with bystander cell populations. In MM, a representative ratio between MSCs and PCs is about 1/100 000 1/1 000 000 [46, 47] . This leads to a substantial deprivation of endogenous SHH stimulation on MSCs, thus, bending the differentiation of MSCs and reducing osteoblastogenesis [48, 49] . As such, several groups have suggested stromal-derived SHH as a minor player in MM pathogenesis, even if further investigations are needed to better dissect this mechanisms [44, 48] . Our data suggest that the axis between myeloma cell lines (i.e., H929 and OPM2) and MSCs leads to a suppression of the SHH signaling pathway in MSCs, thus, probably reducing the endogenous potential to compensate for osteolytic complications of MM. Ixazomib enhances in vitro MSCs differentiation into mature OBs and reduces osteoclastogenesis, paving the way for potential application of third-generation PIs in osteolytic complications of MM.
Materials and Methods
Cell Lines and Cultures
Human monocytes (MCs) were isolated, after informed consent, from fresh buffy coat of healthy volunteers provided by the Transfusional Centre "Garibaldi" Hospital, Catania, S. ImmunoHaematology and Transfusional Medicine. MCs were then purified from the lymphomonocytic population by positive isolation, using magnetic beads coated with goat anti-mouse CD14 + IgG (cat. No. 130-050-201, Miltenyi Biotec GmbH, Bologna, Italy). MCs, identified as CD14 + and CD11c + cells, showed a purity greater than 90% MCs isolated from PBMCs were cultured at a density of 5 × 10 5 cells/cm 2 in 24-well culture plates in MC mediums (2 mM gluta.mine, 10% FBS, 1% of P/S (Invitrogen, Milan, Italy) in conditioned Iscove's Modified Dulbecco's Media (IMDM) and cultured under standard culture conditions.
Human H929 and OPM2 cell lines were obtained from American Type Culture Collection (Manassas, VA, USA). Cells were maintained in a PCs medium (2 mM glutamine, 10% FBS, 1% of P/S in RPMI medium), at a humidified 37 • C incubator providing 5% CO 2 .
In Vitro Osteoclastogenic Differentiation
For in vitro osteoclastogenic differentiation, MCs were cultured in the OC medium [5 ng/mL rhRANK ligand (PeproTech. European Headquarters PeproTech, London, UK), 20 ng/mL rhM-CSF (PeproTech), 2 mM glutamine, 10% FBS, 1% of P/S in conditioned IMDM] for 21 days. A total of 10 nM of Ixazomib (MLN9708) was added to the cultures for 21 days. The medium was replaced every 3 days.
In Vitro Osteoblastogenic Differentiation
Human HS-5 (MSCs) cell lines were cultured in the MSCs medium (10% fetal bovine serum (FBS), 1% of P/S (Invitrogen, Milan, Italy) in DMEM medium) [50, 51] . Cells were plated at a final density of 5 × 10 5 cells/cm 2 and cultured either under standard culture conditions or exposed to osteoblastogenesis differentiation with OB medium for 21 days. A total of 10 nM of Ixazomib was added to the cultures at day 0, for the following 21 days.
Immunofluorescence
For immunofluorescence analysis, samples of paraformaldehyde (PFA)-fixed cells were incubated with blocking solution (10% normal goat serum (NGS), 0.1% Triton ×100 in PBS), for 1 h at room temperature [52] . Samples were then incubated overnight at 4 • C with the following primary antibody-rabbit anti-GLI1 (Afbcam Cambridge, UK), Cat# ab49314, RRID: AB_880198, 1:1000), mouse anti-BMP2 (Abcam Cambridge, UK, Cat# ab6285, RRID: AB_305401, 1:1000), mouse anti-CD138 (Abcam, Cat# ab34164, RRID: AB_778207, 1:1000), and rat anti-CD90 (Abcam, Cat# ab3105, RRID: AB_2287350, 1:1000).
The following day, samples were washed three times in 0.1% Triton X100 in PBS and then incubated for 1 h at room temperature with the appropriate combination of fluorescence conjugated secondary antibodies-goat polyclonal anti-mouse (Alexa Fluor 488, Thermo Thermo Fisher Scientific Cat. No. A21247, RRID: AB_141778, 1:1000). Nuclei were counterstained with 4 ,6-diamidino-2-phenylindole (DAPI, 1:1000, Cat# D1306, Invitrogen) for 5 min, at room temperature. Slices were mounted with fluorescent mounting medium Permafluor (Thermo Fisher Scientific) and digital images were acquired using a Leica DM IRB (Leica Microsystem, Buccinasco, Milan, Italy) fluorescence microscope or a Leica TCS SP8 confocal microscope.
Phalloidin staining on the MCs was performed using Alexa Fluor 488 Phalloidin (Thermo Fisher Scientific Cat. No. A12379, RRID: AB_2759222, 1:200), incubated for 20 min at room temperature. Samples were then washed in 0.1% Triton X-100 in PBS and nuclei were counterstained with DAPI (1:1000) for 5 min, at room temperature. Slices were mounted and acquired as described above. For quantification of GLI1 and DAPI colocalization, nuclear ROIs were segmented and the corresponding GLI1 fluorescence intensity was quantified using ImageJ analysis software.
Alizarin Red Staining
Mineralization was determined using Alizarin Red S (Sigma, Milan, Italy) staining and phase-contrast microscopy, at 21 days of culture. Cells were incubated with 2% alizarin red with pH 4.2 for 10 min, subsequently washed with distilled water, and then observed with phase-contrast microscopy to examine cell morphology and to verify the presence of mineralized nodules.
CETSA
CETSA was used to investigate the target engagement of Ixazomib and Bortezomib (Velcade), as described previously [53] [54] [55] . Cells were suspended in PBS, at a final density of 5 × 10 6 cells/mL, lysed via ultrasonication on ice, and treated with vehicle, 1 µM of Ixazomib or 1 µM Bortezomib for 1 h at 37 • C. The cell suspension was divided in 4 aliquots of 100 µL and heated for 3.5 min at 68, 72, 76, or 80 • C, respectively. Samples were centrifuged at 15,000× g for 20 min at 4 • C to separate the stable and denatured proteins, and supernatants were then collected and mixed with 4× Laemmli loading buffer and 10% β-mercaptoethanol, and incubated at 95 • C for 5 min. Proteins were separated on 4-20% Tris-glycine acrylamide gels (Thermo Scientific) and transferred to nitrocellulose membranes. Membranes were incubated for 1 h at room temperature with Odyssey blocking buffer solution, and then overnight at 4 • C with rabbit anti-SMO antibody (Abcam, Cat# ab72130, RRID: AB_1270802, 1:1000). After washes in 0.1% tween-20 in PBS, membranes were incubated for 1 h at room temperature with the secondary antibody (goat polyclonal anti-rabbit IRDye 680RD; LI-COR Biosciences, Cat# 926-68171, RRID: AB_10956389, 1:10,000). All antibodies were diluted in Odyssey blocking buffer solution. Proteins bands were imaged using an Odyssey Infrared Imaging Scanner (LI-COR Biosciences, Milan, Italy) and compared to the vehicle-treated controls.
qRT-PCR
After RNA extraction and reverse transcription, samples were analyzed for expression of BMP2, RUNX2, SPARC, RANK, CTSK, MMP9, and CHI3L1 mRNA. Their expression was assessed by using 7900HT Fast Real-Time PCR System and TaqMan Universal PCR Master Mix (ThermoFisher, Monza, Italy). For each sample, the relative expression level of each studied mRNA was normalized using GAPDH as the invariant control.
Statistical Analysis
All statistics were performed using GraphPad Prism (version 5.00 for Mac, GraphPad Software, San Diego, CA, USA). Data were tested for normality using a D'Agostino and Pearson omnibus normality test and subsequently assessed for homogeneity of variance. Data that passed both tests were further analyzed by two-tailed unpaired Student's t-test for comparison of n = 2 groups. Comparisons of n > 2 groups were performed using a one-way ANOVA and Holm-Sidak's multiple comparisons test. For all statistical tests, p-values < 0.05 were considered statistically significant; p-values are reported within the figure legends.
Conclusions
In conclusion, we found that Ixazomib was able to decrease osteoclastogenesis in MCs and concomitantly also increased MSCs osteogenic differentiation, throughout the activation of SMO/GLI1-dependent SHH signaling pathway. The relative importance of SHH signaling pathway in bone remodeling still need to be further investigated, to dissect the contribution of such a pathway in the pleiotropic mechanism of action of PIs in MM-derived cell lines. Moreover, our in vitro evidences uncover a novel axis between PCs and MSCs that leads to the suppression of the SHH signaling pathway in MSCs, thus, further reducing the endogenous potential to compensate for osteolytic complications of MM.
